Insulin resistance is characteristic of the diabetic state. To define the role of hyperglycemia in generation of the insulin resistance, we examined the effect of phlorizin treatment on tissue sensitivity to insulin in partially pancreatectomized rats. Five groups were studied: group I, sham-operated controls; group II, partially pancreatectomized diabetic rats with moderate glucose intolerance; group III, diabetic rats treated with phlorizin to normalize glucose tolerance; group IV, phlorizin-treated controls; and group V, phlorizin-treated diabetic rats restudied after discontinuation of phlorizin. Insulin sensitivity was assessed with the euglyemic hyperinsulinemic clamp technique in awake, unstressed rats. Insulin-mediated glucose metabolism was reduced by approximately 30% (P < 0.001) in diabetic rats. Phlorizin treatment of diabetic rats completely normalized insulin sensitivity but had no effect on insulin action in controls. Discontinuation of phlorizin in phlorizin-treated diabetic rats resulted in the reemergence of insulin resistance. These data demonstrate that (a) a reduction of f-cell mass leads to the development of insulin resistance, and (b) correction of hyperglycemia with phlorizin, without change in insulin levels, normalizes insulin sensitivity. These results provide the first in vivo evidence that hyperglycemia per se can lead to the development of insulin resistance.
Introduction
Defects in insulin secretion (1) (2) (3) and insulin action (3) (4) (5) (6) (7) (8) are universally present in both insulin-dependent (IDDM)' and noninsulin-dependent (NIDDM) diabetes mellitus in man, and similar disturbances have been demonstrated in animal models of diabetes (9) (10) (11) (12) (13) (14) . It is now clear that an initial defect in insulin secretion by the pancreas can lead to the development ofinsulin resistance (9) (10) (11) (12) (13) . However, the precise contributions of insulin deficiency versus hyperglycemia to the impairment in insulin action have not been defined. Recent studies have provided evidence that hyperglycemia per se may contribute to the defect in insulin secretion by the al-cell in some animal models of diabetes mellitus (15, 16) . Further, Unger and Grundy have advanced the hypothesis that hyperglycemia may also, in part, be 1. Abbreviations used in this paper: IDDM, insulin-dependent diabetes mellitus; MTT, meal tolerance test; NIDDM, non-insulin-dependent diabetes mellitus; OGTT, oral glucose tolerance test. responsible for the impairment in insulin-mediated glucose disposal which is observed in both NIDDM and IDDM subjects (17, 18) . However, experimental validation of this later thesis has not yet been provided. In the present study we have examined the effect of phlorizin treatment on tissue sensitivity to insulin in a partially pancreatectomized diabetic rat model. By inhibiting glucose transport through the renal tubule, phlorizin normalizes plasma glucose without altering insulin secretion. Our results indicated that correction of hyperglycemia per se leads to a normalization of the body's sensitivity to insulin, and suggested that chronic hyperglycemia may play an important role in perpetuating the metabolic deterioration, characteristic of the diabetic state.
Methods
Experimental protocol. Four groups ofmale Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) were studied: group I, sham-operated controls (n = 14); group II, partially pancreatectomized rats (n = 19); group III, partially pancreatectomized phlorizin-treated rats (n = 10); group IV, sham-operated phlorizin-treated rats (n = 7) that served as a control for the effect of phlorizin. Group V (n = 4) consisted of four partially pancreatectomized rats from group III that were restudied 2 wk after discontinuation ofphlorizin. At 3-4 wk ofage, all rats (80-100 g) were anesthetized with phenobarbital and, in groups II and III, 90% of their pancreas was removed according to Foglia's technique (19) , as modified by Bonner-Weir et al. (15) . Groups I and IV underwent a sham pancreatectomy in which the pancreas was disengaged from the mesentery and gently rubbed between the fingers. Phlorizin (0.4 g/kg body wt per d; made up as a 20% solution in propylene glycol) treatment (groups III and IV) was initiated 10-12 d after surgery, at a time when hyperglycemia first became evident in the partially pancreatectomized rats, and was continued for 4-5 wk. Phlorizin was administered as a subcutaneous injection in three equally divided doses that were given at 8-h intervals to ensure continuous, day-long inhibition of renal tubular glucose reabsorption. Rats in groups I and II received vehicle injection only. The last dose of phlorizin was given 15 h before the insulin-clamp study, and the absence of glucosuria was ascertained in all rats for all five groups at the end of dhe insulin-clamp study.
Immediately after surgery (i.e., pancreatectomy or sham pancreatectomy), rats were housed in individual cages and subjected to a standard light (6 a.m. to 6 p.m.)-dark (6 p .m. to 6 a.m.) cycle. Based on past experience, rats received the identical daily allotment ofRat Chow (Ralston-Purina Co., St. Louis, MO) in an amount (0.1 g/g body wt per d) that sustained normal growth and that was completely consumed by all of the animals.
After surgery rats were weighed twice weekly and at the same time tail vein blood collected for the determination of fed plasma glucose concentration. A fasting plasma glucose concentration was also determined twice weekly on tail vein blood. 5 wk after pancreatectomy/sham operation and 1 wk before performing the insulin-clamp study, rats were anesthetized with phenobarbital (50 mg/kg body wt) and indwelling catheters inserted so that the animals could be studied in the awake, unstressed state. Two internal jugular catheters were inserted and extended to the level of the right atrium and a left carotid catheter was advanced around the side of the neck to the back of the head. The catheters were externalized through a skin incision and anchored to the skull with a dental cement cap.
Meal tolerance test (MTT). 4 d after insertion of the catheters, rats in groups I-IV received an MTT. Four rats in group V received an MTT 12 d after discontinuation of the phlorizin. At 8 a.m., after an overnight fast, the heparin/polyvinylpyrrolidone solution was aspirated from one of the venous catheters and catheter patency was maintained by a slow, continuous infusion of isotonic saline. Rats spontaneously consumed 4 g of Rat Chow (Ralston-Purina Co.) over 30 min. In groups I-IV, blood samples were obtained from the venous line for the determination of plasma glucose concentration, at 0, 60, and 120 min after food ingestion and for that of plasma insulin, at 0 and 60 min. In group V, plasma glucose concentration was measured at 0 and 120 min only, and samples for plasma insulin were not drawn during the MTT.
Oral glucose tolerance test (OGTT). 6 d after catheter insertion, rats in groups I (sham-operated controls) and II (partial pancreatectomy) were fasted overnight and received 1 g/kg of glucose by gastric gavage. Blood samples for plasma glucose and insulin determination were obtained from the indwelling venous catheter at 0, 60, and 120 min, as described above.
Insulin-clamp study. 8 d after catheter insertion, rats in groups I-IV received a two-step euglycemic insulin-clamp study (20, 21) . Four rats in group III received a repeat two-step insulin-clamp study 14 was initiated and continued throughout the study (20) . Plasma samples for the determination of tritiated glucose specific activity were obtained at 5-min intervals from 30 to 0 min, and at 5-10-min intervals after starting the insulin infusion. At time zero, a two-step euglycemic insulin clamp was begun (20) . A prime-continuous (2.4 mU/kg. min) infusion of regular insulin (Eli Lilly & Co., Indianapolis, IN) was administered at time 0-90 min to acutely raise and maintain the plasma insulin concentration by -80-90 AU/ml. At 90 min, the insulin space was reprimed and the continuous insulin infusion rate increased to 4.8 mU/kg. min to maintain the plasma insulin concentration at -170-180 AU/ml until 180 min. The insulin was dissolved in 1 ml of whole rat blood and 3 ml of isotonic saline. In all groups a variable infusion of 25% glucose was started at time zero and adjusted to clamp the plasma glucose concentration at -100 mg/dl. In group II the glucose infusion was not started until a mean of 8 min after starting the insulin at which time the fasting plasma glucose concentration (124 mg/dl) had declined to 100 mg/dl. Samples for plasma insulin determination were obtained at 1 5-30-min intervals throughout the 180 min insulin-clamp study. At the end of each insulin-clamp study, urine was collected and assayed for glucose. Insulin-clamp reproducibility. To test the reproducibility of the insulin-clamp technique, five diabetic rats received a 4.8 mU/kg. min euglycemic insulin-clamp study on two different occasions. The clamper did not know the identity of the rats at the time of study. Analytical procedures. Plasma glucose was measured by the glucose oxidase method using a glucose analyzer (Beckman Instruments, Inc., Spinco Div, Palo Alto, CA) and plasma insulin by radioimmunoassay using porcine insulin standards. Plasma [3H-3]glucose radioactivity was measured in duplicate on the supernatants of barium hydroxide-zinc sulphate precipitates (Somogyi procedure) ofplasma samples after evaporation to dryness, to eliminate tritiated water.
Calculations. 
Results
There were no differences in the mean body weights between groups I-IV (Table I) . Rats in group V weighed slightly more than those in groups I-IV. Both the fasting (P < 0.05) and fed (P < 0.001) plasma glucose concentrations (mean of four determinations) during the 2-wk-period before the insulin-clamp study were significantly higher in the two diabetic groups (II and V) compared with the other three groups (I, III, and IV) (P < 0.05) ( Table I ). The fasting plasma insulin concentration was similar in all five groups. In five diabetic rats we sequentially followed the decline in plasma glucose concentration during the overnight fast. The initial fed plasma glucose concentration was 303±14 mg/dl. After 6 h of fasting, the plasma glucose concentration had declined to 130±4 mg/dl, and with little further change, at 12 h it averaged 121±3 mg/dl. During the OGTT the incremental area under the curve and the rise in plasma glucose concentration at both 1 and 2 h were half as large in the controls (group I) compared with diabetics (group II) (P < 0.001), whereas the postglucose plasma insulin response was markedly impaired in the diabetics (P < 0.001) (Table I) . During the MTT, the incremental area under the curve and the rise in plasma glucose concentration at 1 and 2 h were also half as large in the controls (group I) versus diabetics (group II) (P < 0.001), whereas the plasma insulin response at 1 h was significantly less in diabetics (P < 0.001) ( Table I ). In phlorizintreated diabetic rats (group III) the fasting plasma glucose concentration was normalized and the incremental area under the glucose curve was not significantly different from controls (group I). The 1-h postmeal plasma glucose concentration was similar to that of sham-operated controls (group I), even though the plasma insulin concentration failed to increase above that observed in the diabetic group (Table I) . However, at 2 h during the MTT, a modest increase in the plasma glucose concentration persisted. Phlorizin administration to sham-operated animals had no effect on the plasma glucose and insulin responses during the MTT (Table I) . When phlorizin was discontinued in group III and the rats were restudied (group V), the plasma glucose response during the MTT was nearly identical to that in the diabetic (group II) rats.
The results of the two-step insulin-clamp study are shown in Table II . Steady state plasma glucose and insulin concentrations during both hyperinsulinemic steps were similar in all five groups. The coefficients of variation in plasma glucose and insulin were < 5 and 10%, respectively in all five groups. In diabetic (group II) rats insulin-mediated glucose disposal was reduced by 29 and 27% respectively (P < 0.001) compared with sham-operated controls (group I) during the 2.4 and 4.8 mU/kg -min insulin-clamp steps. Phlorizin treatment of diabetic rats completely restored tissue sensitivity to normal. Phlorizin itself had All values represent the mean±SEM. NM, not measured. * Represents the mean weight 6 wk after surgery, at the time the insulin-clamp study was performed in groups I-IV and at 8 wk after surgery in group V. $ Represents the mean of four values for each rat during the 2-wk-period before performing the insulin-clamp study. § P < 0.05 versus groups I, III, and IV. ' P < 0.001 versus groups I, III and IV.
no effect on insulin-mediated glucose disposal in sham-operated animals. When phlorizin was discontinued in diabetic rats (group V), insulin-mediated glucose disposal decreased to a level that was similar to that observed in group II diabetic animals (P < 0.001 vs. controls).
Glucosuria (8-9 g/dl) was present in all diabetic rats (groups III and V) while they were receiving three times the daily injections of phlorizin. Glucosuria (0.7-0.8 g/dl) was also present in diabetic rats not treated with phlorizin (groups II and V), but at a concentration -one-tenth of that observed in group III. 24-h urine vol and glucose excretion were not quantitated. Only trace (< 0.1 g/dl) amounts ofglucose were detected in the urine from sham-operated phlorizin-treated rats.
Glucosuria was not detected in the five groups during any The fed plasma glucose concentration (2-h value during the MTT) was strongly and inversely correlated with the glucose uptake rate during both steps of the insulin-clamp studies in the three diabetic groups (II, III, and V) (r = -0.77 and r = -0.70 during the low and high dose insulin-clamp steps, respectively, P < 0.005) (Fig. 1) . The correlations would persist (r = -0.81 and r = -0.79, respectively, both P < 0.001) if the two control groups (I and IV) were included in the analysis with the three diabetic groups. A significant inverse correlation (r = -0.783, P < 0.001) between the fasting plasma glucose concentration and rate of insulin-mediated glucose uptake was also observed in the three diabetic groups.
Discussion
Insulin resistance has been demonstrated as a prominent feature in both human and animal models of IDDM and NIDDM (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, the pathogenetic sequence of events leading to the emergence of the defect in insulin action remains controversial. In the most general sense, the insulin resistance could be either primary or acquired. A number of studies have attempted to answer this question by examining whether tight metabolic control with insulin can correct the impairment in insulin-mediated glucose disposal in diabetic patients (22) (23) (24) (25) (26) (27) .
The results of such studies (22) (23) (24) (25) (26) (27) have consistently demonstrated that intensified insulin therapy improves, but does not normalize, the body's ability to respond to a physiologic increment in the plasma insulin concentration, which suggest that at (15, 19) , which resulted in moderate fasting hyperglycemia and glucose intolerance after both MTT and OGTT (Table   I ). Although fasting insulin levels remained normal in our diabetic rats, the plasma insulin response to hyperglycemia was markedly impaired (TableI). Tissue sensitivity to insulin, quantitated 6 wk after partial pancreatectomy, was reduced by 27-29% (P <0.001) (Table II) , a decrease in insulin-mediated glucose metabolism that is much greater than can be explained by the variability of the insulin-clamp technique in the rat.
The development of insulin resistance after an initial defect in insulin secretion is consistent with previous observations in dogs who are made partially insulin deficient with alloxan or streptozotocin (9) (10) (11) . To define if the development of insulin resistance after pancreatectomy resulted from insulin deficiency or from hyperglycemia, animals received daily injections of phlorizin to induce a state of persistent renal glucosuria. Fasting plasma glucose concentration was completely normalized in phlorizin-treated diabetic rats (Table I) , and was similar in the phlorizin-treated diabetic and control rats at 1 h during the MTT; the fed plasma glucose level at 2 h was slightly greater in the phlorizin-treated diabetic group compared with the sham-operated control group (171±4 vs. 140±1 mg/dl, respectively). Altogether, these results indicate that phlorizin largely normalized the plasma glucose profile in diabetic animals. Importantly, neither the fasting nor meal-stimulated plasma insulin concentrations increased after phlorizin treatment in the diabetic rats; nonetheless, insulin-mediated glucose disposal was returned to normal. Since phlorizin failed to enhance insulin sensitivity in sham-operated control rats, the improvement in insulin action in the diabetic rats can not be attributed to a nonspecific effect of phlorizin. These results strongly suggest that hyperglycemia per se exerts a deleterious effect on insulin-mediated glucose disposal in vivo. To further examine this question, four diabetic rats in group III were restudied after discontinuation of the phlorizin for 2 wk (group V) at which time the fasting and postmeal plasma glucose concentrations returned to levels similar to those observed in the diabetic (group II) rats, without any change in plasma insulin levels. Repeat of euglycemic insulinclamp studies in group V animals revealed a degree of insulin resistance that was nearly identical to that observed in group II diabetic rats. When the three groups ofdiabetic rats (II, III, and V) are considered together, a strong, negative correlation between the postmeal plasma glucose concentration and the rate of insulin-mediated glucose metabolism was observed (Fig. 1) . A similar inverse correlation was observed between the fasting glucose and glucose utilization. These results provide further support that hyperglycemia per se can lead to the development ofinsulin resistance, and suggest that the severity of the hyperglycemia is related to the strength of the insulin resistance.
Our findings also help to elucidate the tissues responsible for the development of the insulin resistance after partial pancreatectomy and its correlation with phlorizin. After the infusion of insulin, tissue glucose uptake is stimulated and endogenous (hepatic) glucose production is suppressed. Since the present studies were performed with tritiated glucose, we were able to quantitate changes in hepatic glucose production in response to hyperinsulinemia. As can be seen in Table II the ability ofinsulin to inhibit hepatic glucose output in diabetic rats was neither impaired nor altered by phlorizin treatment in either diabetic or control groups. Although we can't exclude the possibility that chronic hyperglycemia might impair the ability oflower plasma insulin levels (i.e., < 70-80 gU/ml) to effectively inhibit hepatic glucose production, under the present experimental conditions the insulin resistance in diabetic rats is clearly due primarily to a defect in tissue glucose uptake. These observations are similar to those previously reported by us in non-insulin-dependent diabetic man (3, 4, and 6) . Further, clearly the improvement in insulin action in diabetic rats after phlorizin administration results from an enhancement in tissue glucose uptake and not due to a more effective suppression of hepatic glucose output. Since, under euglycemic hyperinsulinemic conditions, the majority of an infused glucose load is used by peripheral tissues (6, 30, and 31), and since adipose tissue is responsible for the uptake of < 1-2% of an infused/ingested glucose load (32, 33) , it is likely that the deleterious effect of chronic hyperglycemia on insulinmediated glucose uptake is primarily directed at muscle tissue.
In summary, the present results demonstrate that partial pancreatectomy in the rat, which results in moderate fasting hyperglycemia and postmeal glucose intolerance, leads to the development of insulin resistance. Correction of the hyperglycemia by phlorizin restores insulin-mediated glucose disposal to normal without change in either fasting or glucose-stimulated insulin levels. Discontinuation ofphlorizin in diabetic rats leads to the reemergence of hyperglycemia and insulin resistance. These observations provide evidence that hyperglycemia per se may contribute to the development of insulin resistance in diabetes mellitus, and indicate that it may be very difficult to assign primary versus secondary roles to presence of insulin resistance in non-insulin-dependent diabetic individuals.
